Introduction {#S1}
============

One of the most important challenges in developmental biology is to understand how molecular information leads to the individual and collective movement of cells that shape and form tissues[@R1]--[@R4] via both cell-intrinsic stresses and cell responses to applied stress[@R5]--[@R7]. With the tremendous advances in molecular biology, genetics, imaging techniques and the automated tracking of many cells in parallel[@R8],[@R9], it is now possible to trace the evolution of morphogenetic phenotypes during development as a function of molecular perturbations as well as physical manipulation. This sets the stage for the identification and quantification of the geometry of shape change in terms of the resultant strain (deformation) rates, i.e. the amount of strain per unit of time (a glossary of the most commonly used terms can be found in [Supplementary Note 1](#SD3){ref-type="supplementary-material"}). The response of tissues to the sum of the external and cell-autonomous forces, constraints and stiffnesses is characterized by tissue strains and strain rates.

Current approaches to the statistical characterization of morphogenetic parameters rely on analogies of tissues to foams and granular materials, where topological methods that rely on connectivity are used[@R10]. Here, we deploy ideas from tensor analysis and continuum field theories[@R11] and extend these methods for tissues composed of discrete cells to measure strain rates and rotations within biological tissues. This allows us to account for the continuous sliding process between cells regardless of their connectivity. In particular, we quantify the rates of individual cell shape change and collective cell intercalation (cell rearrangement), the two fundamental classes of mesoscopic cellular behaviour, combinations of which account for a wide range of tissue shaping behaviours. Cell shape change and cell intercalation can be active cell-autonomous behaviours, and also possibly passive deformations (elastic or plastic) in response to external forces or constraints. Patterns of strain rates allow modelling of the forces acting on and within tissues and reveal signatures of active and passive behaviour.

We deploy these measures on a variety of simulated and real deforming tissues, building dynamic maps of morphogenetic behavior. We show that we can determine the relative contribution of these two behaviours in shaping tissues. First, the Drosophila amnioserosa deforms predominantly by cell shape change during dorsal closure, and we show that there is little cell intercalation. Second, during mid-phase Drosophila germband extension we can resolve and distinguish different cellular modes underlying tissue extension. Lateral ectoderm extends by cell intercalation whereas ventral midline cells extend by stretching, without intercalation. Third, in the zebrafish trunk neuroectoderm, intercalation and cell shape change combine in an interesting way, the latter augmenting tissue convergence and reducing tissue extension. By following cell behaviour and coupling these to global movements of cellular domains we lay out a high-resolution quantitative framework for the geometric basis of morphogenesis.

Results {#S2}
=======

Computer-assisted cell tracking enables us to follow the behaviours of large numbers of epithelial cells within 2D surfaces that follow the shape of tissues within the embryo ([Online Methods](#S10){ref-type="sec"} and [Supplementary Videos 1](#SD4){ref-type="supplementary-material"}-[3](#SD10){ref-type="supplementary-material"}). Morphogenetic deformations result from variation in the speed or direction of cell trajectories that change the relative positions of cells[@R8]. To quantify deformations at a multicellular scale, we follow, over a period +/-*dt* minutes, small groups of cells or domains. Domains are defined by a central cell and *n~c~* coronae of neighbouring cells at the central time point.

Tissue Strain Rates {#S3}
===================

We treat each domain as a continuous field of tissue sampled at cell centroid locations, and calculate various domain metrics based on the movement of these centroids (see [Online Methods](#S10){ref-type="sec"}). First, we calculate the average domain translation velocity, how fast the domain moves in space ([Fig. 1a](#F1){ref-type="fig"}). Second, we calculate gradients of centroid velocities across the domain in two orthogonal orientations, and use these gradients to construct a tissue velocity gradient tensor L~t~ which characterizes the spatial variation of the local velocity field. L~t~ is then separated into a spin matrix Ω~t~, which yields the domain rotation (angular velocity) in radians per minute ([Fig. 1b](#F1){ref-type="fig"}), and a deformation or strain rate tensor Ė~t~. An invariant description of domain strain rates (i.e. one that is independent of the chosen coordinate system) is given by the eigenvalues and associated eigenvectors of Ė~t~. These are the amplitudes (in proportion per minute) and orientations of the local principal strain rates associated with the velocity field ([Fig. 1c](#F1){ref-type="fig"}). The eigenvalues of Ė~t~ generalize the local convergence (negative) and extension (positive) rate constants described in Glickman *et al.*[@R12].

Domain translation and rotation measure how the domain moves as a whole in space, while the strain rate tensor measures how the domain itself deforms, i.e. how distances and angles between cells vary locally. The rotation component nevertheless remains important for interpreting simple classes of local deformations. For instance, simple shear arises from a combination of rotation and a pure shear deformation (see [Supplementary Note 1](#SD3){ref-type="supplementary-material"} and [Fig. 1d](#F1){ref-type="fig"}). However, a mechanistic interpretation remains ambiguous at the level of the single domain since it is not possible to distinguish between local rotation that is 1) due to an advective motion resulting from activity extraneous to the domain or because of embryo movement, and 2) part of a simple shear deformation.

Cell Shape and Cell Intercalation Strain Rates {#S4}
==============================================

To interpret tissue deformation in terms of the intrinsic cell behaviour within each domain, we identify two complementary components: cell shape change and cell intercalation. We illustrate their distinction with two simulated scenarios ([Supplementary Videos 4](#SD11){ref-type="supplementary-material"},[5](#SD12){ref-type="supplementary-material"}) wherein tissue convergence and extension are equal but are accounted for by cell shape change or cell intercalation respectively ([Fig. 2a,b](#F2){ref-type="fig"}). In a further example ([Fig. 2c](#F2){ref-type="fig"}) mutually cancelling cell shape change and intercalation cancel resulting in no tissue deformation. *In vivo*, we expect morphogenesis to involve combinations of cell shape change and cell intercalation that differ with tissue, time and location. We estimate a cell shape strain rate tensor L~c~ from traced cell outlines based upon their best-fit ellipses (see [Online Methods](#S10){ref-type="sec"}). We assume that average cell spin Ω~c~ equals Ω~t~, that is cells rotate only with the domain. We therefore eliminate the effects of the rotation Ω~t~ before calculating a symmetrical cell shape strain rate tensor Ė~c~, which represents the average rate of change in the shape of cells within a domain. The average rate of change in cell area is given by the Trace of Ė~c~, as a result of movement of cell volume into or out of the plane[@R13].

To characterize cell intercalation in terms of these tensorial quantities, we propose that the principal characteristic of cell intercalation is the continuous sliding of the bulk of neighbouring cells past each other. We show that the local rate and principal directions of sliding derive directly from what we call the cell intercalation strain rate tensor L~i~ defined by (see [Online Methods](#S10){ref-type="sec"} and [Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}): $$\text{L}_{\text{i}} = \text{L}_{\text{t}} - \text{L}_{\text{c}}$$

As one would expect, L~i~ is intimately related with the mismatch between the cell shape and tissue strain rates. This explicitly defines cell intercalation as a measure that bridges spatial scales: it represents the residual difference in bulk movement between L~t~, the redistribution of the bulk of the domain relative to its centre, and L~c~, the average redistribution of each cell's bulk relative to its own centroid. Since both L~c~ and L~t~ capture the change in area of the cells in the domain (volume change in 3D), L~i~ has zero dilatation and is a pure shear deformation. This definition is valid in both two and three dimensions. Thus intercalation is a process in which convergence rate in one orientation is balanced by an equal rate of extension in the orthogonal orientation: it preserves area (in two dimensions) and volume (in three dimensions).

To get an intuitive understanding of this simple measure, we apply our methods to simulated data. In our first example, net cell shape strain is identical to tissue strain and there is no cell intercalation ([Fig. 2d-f](#F2){ref-type="fig"}). In the second example, cell intercalation accounts for virtually all of the tissue strain ([Fig. 2g-i](#F2){ref-type="fig"}) and is continuous, unlike the synchronous and discrete neighbour-exchange events ([Supplementary Video 5](#SD12){ref-type="supplementary-material"}, frame 25). Net cell shape strain is minimal, fluctuating due to transient packing changes required to exchange neighbours by the T1 process[@R14], as in biological tissues undergoing cell intercalation[@R2],[@R12]. In our third example, there is zero tissue strain and dramatic cell shape strain is balanced by intercalation strain in opposite orientations ([Fig. 2j-l](#F2){ref-type="fig"}). These examples highlight the differences between our continuous measures based on cell shape measurements and topological measures which are based upon discrete changes in cell-cell connectivity[@R8],[@R15],[@R16]. We consider the more fundamental and continuous sliding process that our methods capture, regardless of cell topology, to be better suited to precise spatiotemporal mapping. In each of these examples, we have the ability to track four related measures; cell shape, cell intercalation and tissue strain rates, and the tissue rotation rate.

We deploy these measures to quantify convergence and extension in a single example domain of zebrafish trunk neuroectoderm ([Fig. 3](#F3){ref-type="fig"}). Tissue strain rate ([Fig. 3e](#F3){ref-type="fig"}) shows the domain to exhibit unequal convergence and extension, with extension oriented close to the anterior-posterior (AP) axis. A clockwise rotation, of similar magnitude to the strain rates, shows that a simple shear has taken place. Both cell shape change ([Fig. 3g](#F3){ref-type="fig"}) and cell intercalation ([Fig. 3h](#F3){ref-type="fig"}) contribute to the net domain deformation, with the convergence orientation of intercalation aligned with the orientation of cell shape contraction. We also calculate confidence intervals associated with each strain rate and use these to establish an appropriate domain size for a tissue (see [Online Methods](#S10){ref-type="sec"} and [Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}). An outline of the sequence of algorithms used to calculate strain rates from 4D movies of tissues with membranes marked with ubiquitous fluorescence is provided ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}), and full code is provided for calculating strain rates and associated information for a domain of cells ([Supplementary Software](#SD1){ref-type="supplementary-material"})**.**

Biological applications {#S5}
=======================

We have quantitatively mapped the morphogenesis of three diverse embryonic epithelial tissues in which we expect different combinations of cell shape change and intercalation. To create maps of developing tissues, we calculated strain rates for domains surrounding each cell and for each time point. Summary measures of strain rates are averaged over space and integrated over time from average or cumulative tensors, respectively. In all three tissues, the dominant orientations of deformation are strongly aligned with the body axes so we present cumulative stretch ratios (the exponent of the cumulative strains) projected onto these axes.

*Drosophila* amnioserosa {#S6}
========================

The *Drosophila* amnioserosa is an ectodermal tissue eclipsed by the dorsal closure of lateral epidermis[@R17] ([Fig. 4a](#F4){ref-type="fig"}, [Supplementary Video 1](#SD4){ref-type="supplementary-material"}). The forces acting at the tissue margins are well understood[@R5] and the amnioserosa tissue is thought to contract actively in the medio-lateral (ML) orientation[@R18],[@R19]. However, little is known about the behaviour of individual cells during this process. Tissue deformation shows strong ML-oriented convergence across the tissue but also some weaker AP-oriented convergence ([Fig. 4b,c,j](#F4){ref-type="fig"}, [Supplementary Video 6](#SD13){ref-type="supplementary-material"}). Highly asymmetric tissue deformation results almost exclusively from equally asymmetric cell shape changes, by narrowing cells predominantly in the ML orientation at a rate that accelerates with time ([Fig. 5a,c,j](#F5){ref-type="fig"}, [Supplementary Video 7](#SD14){ref-type="supplementary-material"}). Cells contract to nearly 50% of their original ML size (average -0.013 pp/min), and to 88% of their AP size in the mid-zippering phase of dorsal closure analyzed. There is only weak and late cell intercalation that sums to a minor net contribution ([Fig. 5b,c,m](#F5){ref-type="fig"}, [Supplementary Video 8](#SD15){ref-type="supplementary-material"}).

*Drosophila* germband {#S7}
=====================

The *Drosophila* post-gastrulation germband extends to the posterior as cells converge towards the ventral midline[@R20]([Fig. 4d](#F4){ref-type="fig"}, [Supplementary Video 2](#SD9){ref-type="supplementary-material"}). Cell intercalation is known to contribute to this process[@R2],[@R21] but how much this alone can account for tissue deformation is unknown. In the mid-phase, strong tissue convergence in ML is matched by extension in AP ([Fig. 4e,f,k](#F4){ref-type="fig"}, [Supplementary Video 9](#SD16){ref-type="supplementary-material"}). Ectodermal tissue deformation is predominantly due to strong cell intercalation co-oriented with the body axes ([Fig. 5e,f,n](#F5){ref-type="fig"}, [Supplementary Video 10](#SD5){ref-type="supplementary-material"}). In contrast to the amnioserosa, strong cell shape changes are heterogeneous across the tissue and cancel to give minimal net contribution over time ([Fig. 5d,f,k](#F5){ref-type="fig"}, [Supplementary Video 11](#SD6){ref-type="supplementary-material"}). Further analysis of cell shape changes are presented elsewhere[@R22]. Average tissue rotations are shown for data pooled from 5 embryos (see [Online Methods](#S10){ref-type="sec"}) during the fast phase, 5-20 min after the start of germband extension. The rotation rate varies from clockwise anteriorly (for the right hand ventral ectoderm) to anticlockwise in the posterior, passing through a region with little rotation in between ([Fig. 4m](#F4){ref-type="fig"}).

Zebrafish trunk neuroectoderm {#S8}
=============================

Zebrafish trunk neural ectoderm converges in ML while extending along AP, prior to and during neurulation[@R3],[@R23] ([Fig. 4g](#F4){ref-type="fig"}, [Supplementary Video 3](#SD10){ref-type="supplementary-material"}). The temporal and spatial contributions of cell intercalation and cell shape change in the neural plate are poorly understood[@R3],[@R24]. The neural plate has strong ML convergence in tissue strain rate but heterogeneous AP extension ([Fig. 4h,i,l](#F4){ref-type="fig"}, [Supplementary Video 12](#SD7){ref-type="supplementary-material"}). The rate of tissue deformation increases over time, but AP-oriented extension never matches ML-oriented convergence. Cell shape strain rate within the neural plate is mostly negative ([Fig. 5g,i,l](#F5){ref-type="fig"}, Supplementary Video 13), both in ML and AP orientations, as cells get smaller in the plane and lengthen in depth. Strikingly, cell intercalation across the tissue is strongly aligned with the body axes ([Fig. 5h,i,o](#F5){ref-type="fig"}, [Supplementary Video 14](#SD8){ref-type="supplementary-material"}). The average magnitude of cell shape change is about half that of cell intercalation. The imbalance between tissue convergence and tissue extension can now be correctly interpreted: The combination of cell shape change and cell intercalation are additive in the ML orientation but cancel in the AP orientation. Similar to the germband, there is an AP gradient of the rotation rate ([Fig. 4n](#F4){ref-type="fig"}).

The high spatiotemporal resolution of our approach allows us to detect local variation in cell behaviour. The patterns of cell shape change and the strength of intercalation, in particular in the germband and zebrafish trunk, are remarkably complex in space ([Fig. 5d,e,g,h](#F5){ref-type="fig"}) and in time ([Supplementary Videos 10](#SD5){ref-type="supplementary-material"},[11](#SD6){ref-type="supplementary-material"},13,[14](#SD8){ref-type="supplementary-material"}), presumably reflecting variation in combinations of gene expression, cell signaling, cell-intrinsic fluctuations, local stresses[@R21], and physical constraints. For cell shape change in the amnioserosa, and intercalation in the germband and zebrafish trunk, the orientations of domain deformation are found to be aligned predominantly with the body axes ([Fig. 5j-o](#F5){ref-type="fig"}). The orientation of intercalation is correlated with cell polarization in the germband and the zebrafish trunk[@R1],[@R20] with characteristic average rates of \~0.03 pp min^-1^ and \~0.006 pp min^-1^, respectively. We identified a consistent spatial heterogeneity during germband extension, along a narrow band of cells at the ventral midline, so we further explored the ventral midline of *Drosophila* and the dorsal midline of zebrafish using data pooled from several embryos (see [Online Methods](#S10){ref-type="sec"}). In the germband, while AP-oriented tissue extension is constant across ML, cell shape change is weak laterally but strong along the ventral midline ([Fig. 5d,p](#F5){ref-type="fig"}). Conversely, cell intercalation is strong laterally but weak medially ([Fig. 5e,q](#F5){ref-type="fig"}). A 15 µm region either side of the ventral midline comprises two lines of ventral midline neural precursor cells (VML). Thus, during germband extension the VML cells extend in AP not by intercalation but by shape stretch, while the lateral cells intercalate. The same analysis of the dorsal midline of zebrafish embryos shows that there is no such inversion of cellular mechanisms at the midline of the fish trunk neuroectoderm at \~10-11hpf ([Supplementary Fig. 4](#SD2){ref-type="supplementary-material"}). Indeed, at this pre-neurulation stage, intercalation is strong across the midline.

Discussion {#S9}
==========

Our quantitative measurements go well beyond qualitative comparisons of dominant behaviours in three example tissues and reveal detailed spatial and temporal patterns in morphogenetic processes. We have identified novel and specific features in each tissue. Cell intercalation in the *Drosophila* amnioserosa makes only a weak contribution to late dorsal closure. We reveal cell shape contraction in AP, in addition to the stronger ML contraction, which suggests that isometric apical contraction encounters greater resistance to deformation in AP, since amnioserosa cells are not known to be polarized[@R25]. Further investigation of the dynamics in dorsal closure mutants will help elucidate the relative contribution of the various forces and constraints[@R26]. In the *Drosophila* germband, but not in the zebrafish trunk, there is an inversion of mechanisms at the midline, with VML cells undergoing cell shape extension in AP whereas the lateral ectoderm extends by intercalation. A mechanistic understanding of intercalation in the germband must therefore be able to explain why there is no intercalation across the midline, and how the lateral ectoderm cells can make new connections with but not through VML cells. In the zebrafish trunk, cell shapes contract in AP and ML as cells elongate in depth, reducing tissue AP extension and augmenting ML convergence. Our strain breakdown clarifies the sorts of planar combinations that are possible. Cell intercalation is by definition balanced orthogonal convergence and extension. It is only the addition of unbalanced cell shape (i.e. when there is a change in area) that leads to an imbalance in tissue convergence and extension.

The rotation measure, in addition to the tissue deformation field, provides a key component to test mechanical models of tissue tectonics, as used in plate tectonics[@R27]. Such patterns signify deformation gradients, here predominantly due to an increasing rate of AP extension towards the midline in both the germband[@R22] and the zebrafish trunk (N.L.S., G.B.B., A.J.K., L.M. & R.J.A. in preparation). Where intercalation and rotation happen together, two interpretations are possible. If the tissue rotation is a result of cell rotation then the tissue rotation is not associated with slippage. However, if there is no cell rotation then a new type of behaviour, intercalation simple shear, is identified, in which lines of fracture are a result of slippage in one orientation only. However, we cannot currently unambiguously separate intercalation rotation from cell shape rotation, so further analysis of the shear structure and planes of shear at the cellular and sub-cellular scale will reveal insights about the cellular organisation of tissues.

Our biological examples confirm that two fundamental and complementary classes of cellular events can now be faithfully distinguished and exquisite patterns revealed. Our quantitative approaches allow us to assay morphogenetic phenotypes with unprecedented detail and rigor, and facilitate comparisons between individuals, manipulations, genotypes and species to probe the variability of developmental programs. We suspect that many genetic phenotypes are being missed or misinterpreted through lack of suitable methods, and because similar final phenotypes can be achieved through different developmental mechanisms. An immediate application of our methods would therefore be quantitative phenotypic screening based on comparisons of rates of cell shape change and intercalation.

Online Methods {#S10}
==============

Tissue strain rate {#S11}
------------------

For each cell *j* in a domain, we know its location, R~*j*~ (x~*j*~,y~*j*~), and its velocity, U~*j*~ (u~*j*~,v~*j*~). We typically use domains of *n~c~* = 1-3 coronae, which are sufficiently small to be treated as flat planes, once corrected for surface tilt. The local velocity field can therefore be treated as linear and a planar regression used to characterise the domain behaviour in terms of the local strain rates using the form: $$\text{u}_{j} \approx < \text{u} > + \,\partial\text{u}/\partial{xx}_{j} + \partial\text{u}/\partial{yy}_{j}$$ $$\text{v}_{j} \approx < \text{v} > + \,\partial\text{v}/\partial{xx}_{j} + \partial\text{v}/\partial{yy}_{j}$$ which can be written in matrix notation as: $${\overset{\rightarrow}{\text{U}}}_{j}\, \approx \, < \overset{\rightarrow}{\text{U}} > + \,\text{L}_{t}{\overset{\rightarrow}{\text{R}}}_{j\,}\,\text{with}\,\,\text{L}_{t} = \begin{bmatrix}
{\partial\text{u}/\partial\text{x}} & {\partial\text{u}/\partial\text{y}} \\
{\partial\text{v}/\partial\text{x}} & {\partial\text{v}/\partial y} \\
\end{bmatrix}$$ Here the average domain translation velocity is $< \overset{\rightarrow}{\text{U}} >$ and the tissue velocity gradient tensor is L~t~. We choose the time interval *dt* such that the tissue domain deformation is small (each coefficient of L~t~ \< 0.1), permitting a simple decomposition of L~t~ into an antisymmetric spin Ω~t~ = (L~t~ + L~t~ ^*T*^) / 2 and a symmetric strain rate tensor, Ė~t~ = (L~t~ + L~t~ ^*T*^) / 2. The trace of L~t~ (Tr L~t~ = Tr Ė~t~) gives the rate of change in area of the domain.

Cell shape strain rate {#S12}
----------------------

Without independent fiducial (registration) marks within or around cells that can be followed over time, cell rotation cannot be determined unambiguously. Movements of individual vertices at the junctions between cells have no direct relationship with the overall changes in cell shape; the latter would therefore not be properly measured by registration methods that track details of the cell contour. We instead use the traced outlines of tracked cells to extract a statistical representation of their deformation. We find the deformation that minimises the squared area difference between the starting cell shape, deformed by the estimated Ė~c,*j*~, and the final cell shape. Tr Ė~c,*j*~ is constrained to be ln(Area~(*t*+*dt*),\ *j*~/Area~(*t*-*dt*),\ *j*~) to conserve area change. Eigenvector and eigenvalue space is searched for the optimal Ė~c,*j*~ using the Nelder-Mead minimization method[@R28]. Ė~c~ is then the area-weighted average of Ė~c,*j*~ for all cells of the domain. In practice, we find that simplifying real cell shapes to their best-fit ellipses dramatically speeds up calculations with minimal change to the resulting Ė~c~ values. The fit of an ellipse (see [Fig. 3f](#F3){ref-type="fig"}) to a cell shape is optimized by maximising the area overlap, with the area of the ellipse constrained to be identical to that of the cell shape. An alternative approach, that will not developed here, is to use methods derived from the statistical strain tensors introduced by Aubouy *et al.*[@R29].

Intercalation strain rate {#S13}
-------------------------

L~t~ characterizes the relative velocities of cell centroids and L~c~ represents the average redistribution of each cell's bulk relative to its centroid, i.e. the relative velocities of points within a cell. Any mismatch between them can be conveniently represented by a slippage velocity. We use slippage in an abstract sense of a relative movement of cell bulk without being explicit about what biological mechanism mediates this at the interfaces between cells. Consider a point P located between two neighbouring cells 1 and 2 ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}). If we estimate the displacement of this point with respect to the centre of cell 1, we obtain $\text{v}_{1} = \text{L}_{\text{c}}{\overset{\rightarrow}{R}}_{1p}.$ Similarly, for cell 2, $\text{v}_{2} = \text{L}_{\text{c}}{\overset{\rightarrow}{R}}_{\text{2p}}$, and the centre of cell 2 moves itself at a speed $\text{v}_{1,2} = \text{L}_{\text{t}}{\overset{\rightarrow}{R}}_{1,2}.$ The local rate of slippage on the point A is then: $$\text{v}_{\text{s}} = \text{v}_{1,2} + \text{v}_{2} - \text{v}_{1} = (\text{L}_{\text{t}} - \text{L}_{\text{c}}){\overset{\rightarrow}{R}}_{1,2} = \text{L}_{\text{i}}{\overset{\rightarrow}{R}}_{1,2\,}\,\text{with}\,\text{L}_{\text{i}} = \text{L}_{\text{t}} - \text{L}_{\text{c}}.$$ This construction shows that the knowledge of the displacement and shape change of two cells is *a priori* sufficient to give an estimate of the continuous process of planar intercalation. Our general method provides however the averaging that is required for accurate and robust measurements at the mesoscopic scale.

Strain rate errors {#S14}
------------------

Practical considerations in calculating tissue deformations and spins include the choice of domain size and time interval, the requirements for which may vary between tissues. We measure the consensus tissue deformation in each domain using regression to minimize residual cell centroid movement ([Eqns. 2](#FD2){ref-type="disp-formula"},[3](#FD3){ref-type="disp-formula"}). The sources and magnitudes of residuals will depend both on cell behaviour inhomogeneity and measurement error. Biological sources of inhomogeneity include non-linear patterns of behaviour within domains, domains spanning boundaries between differing tissues or behaviours, and non-uniform cell behaviour, such as cell division or isolated cells moving into or from the plane. In these analyses, we treat a cell going through cell division as one cell for the duration of a domain even if it splits fully into daughters, and hence this is measured as a cell shape change. Measurement errors will arise from noise due to pixelation of cell shapes and remaining errors in cell-tracking. It is difficult to tease apart these potential sources so we combine them into a total domain error, *e*. Irrespective of its source, we want to be able to quantify the error and relate it to the signal, measured as a composite mean magnitude of domain deformation and spin, *µ*.

We calculate confidence intervals[@R32] associated with the linear regressions for each of the elements of L~t~. We summarize the mean absolute value of these as a single confidence value *e*~t~, which has the same units of proportion per minute as L~t~. We similarly summarize the amount of deformation and spin in L~t~ as *µ*~t~, the mean absolute value of its four elements. In our example domain ([Fig. 3e](#F3){ref-type="fig"}), *µ*~t~ = 0.0079 and *e*~t~ = 0.0053, showing that there is both strong signal and significant inhomogeneity within the domain, which can be seen in the velocity field ([Fig. 3d](#F3){ref-type="fig"}).

We explore the effect of varying *n~c~* and *dt* on *µ*~t~ and *e*~t~ in our three example tissues ([Supplementary Fig. 2a-c](#SD2){ref-type="supplementary-material"}). We require domain sizes small enough to capture morphogenetic detail, but large enough to have good signal to noise ratios. Increasing either *n~c~* or *dt* reduces *µ*~t~ and *e*~t~ in all three tissues. There is greatest reduction of *e*~t~ from *n~c~* = 1 to *n~c~* = 2, while *µ*~t~ reduces from *n~c~* = 1 to *n~c~* = 2 but is then stable. We therefore select *n~c~* = 2 for all three example tissues. Similarly, *µ*~t~ and *e*~t~ stabilize at *dt* = 1 min for the *Drosophila* germband, and *dt* = 4 mins for the other two examples and we use these settings throughout the paper.

We calculate a standard error, *e*~c~, for the distribution of individual cell shape deformations within each domain, of which Ė~c~ is the mean. We also calculate the strength of cell shape deformation, *µ*~c~, as the mean absolute value of the elements of Ė~c~. In our example domain ([Fig. 3g](#F3){ref-type="fig"}), *µ*~c~ = 0.0039 and *e*~c~ = 0.0031 showing a weaker cell shape signal compared to the tissue measure, while the error is proportionately larger. The distribution of *e*~c~ for each example tissue is shown ([Supplementary Fig. 2d-f](#SD2){ref-type="supplementary-material"}, and summary in [g](#SD2){ref-type="supplementary-material"}).

L~i~ is the most derived of our three strain rate measures, dependent on both cell centroid and cell shape measures being accurate and consistent ([Eqn. 1](#FD1){ref-type="disp-formula"}). The dilatation rate (rate of area change) of L~i~ should be zero but in practice this is not guaranteed. Differences in the dilatation rates of L~t~ and L~c~ cause the dilatation rate of L~i~ to be non-zero. This can occur when gaps within domains, caused by missing cells, behave differently to included cells. For example, gaps may change shape, influencing L~t~, but not influencing L~c~. We use *e*~i~ = \|Tr L~i~\| / 2 as a measure of intercalation error and define intercalation signal, *µ*~i~, as half the absolute difference between the eigenvalues derived from L~i~. In our example domain ([Fig. 3h](#F3){ref-type="fig"}), *µ*~i~ = 0.0085 and *e*~i~ = 0.00016. The error is very low because the traces of L~t~ and L~c~ are very similar. The means of the distributions of *e*~i~ are small compared to those of *µ*~i~ ([Supplementary Fig. 2g](#SD2){ref-type="supplementary-material"}). We set an intercalation error threshold of 0.009 pp min^-1^ above which domains are classified as being based on inconsistent L~c~ and L~i~ measures and are rejected from the analyses. This removes 0.1%, 3.2% and 5.5% of domains from our three example tissues respectively.

Imaging morphogenesis in living tissues {#S15}
---------------------------------------

Wild-type zebrafish (*Danio rerio*) and *Drosophila melanogaster* embryos with fluorescently-labelled cell membranes were imaged using 3D time-lapse confocal microscopy. Transgenic WT *Drosophila* embryos carried an ubiDECadherinGFP construct[@R30] that expresses a fusion between DE-Cadherin and GFP, thus labelling the apical cell outlines. Dechorionated embryos were covered with Voltalef oil 10S (Attachem) and viewed with a 40X oil immersion Plan/Fluor (NA=1.3) objective. For imaging the *Drosophila* amnioserosa during dorsal closure, stage 14[@R31] embryos were mounted on a coverslip with the dorsal side glued to the glass. A 50 minute time-lapse movie, starting at the beginning of the zippering stage[@R16], was taken using an inverted LSM 510 Meta laser scanning microscope. 50 z-sections 1µm apart were collected every two minutes, with the whole of the amnioserosa in view ([Fig. 4a](#F4){ref-type="fig"} and [Supplementary Video 1](#SD4){ref-type="supplementary-material"}). For the *Drosophila* germband, cellularised embryos were mounted ventral side up between an 0~2~-permeable membrane (Sartorius) and a coverslip using a custom-made frame for imaging on an upright Nikon Eclipse E800 microscope coupled to a MRC1024 Biorad confocal. 10 z-sections 1µm apart starting from the apical surface of the cells were taken every 30s with the ventral and ventral-lateral cells of the extending germband in view ([Fig. 4d](#F4){ref-type="fig"} and [Supplementary Video 2](#SD9){ref-type="supplementary-material"}).

For visualizing morphogenesis in the zebrafish, all cell membranes were rendered fluorescent by injecting a one-cell stage embryo with 230 pg of capped membrane-targeted mRNA generated from pCS2-fGFP (subcloned from Clontech pEGFP-F), linearised by NotI, and transcribed using the MEGAscriptTM SP6 in vitro transcription kit (Ambion, Inc.). Live gastrulating embryos were mounted in a custom-made chamber in 0.3% low-gelling agarose and imaged dorsal side down on an inverted Leica Microsystems TSC-SP2-MP confocal microscope, using a long distance 40x/0.8 water immersion objective. 50 z-sections every 2µm were collected every two minutes ([Fig. 4g](#F4){ref-type="fig"} and [Supplementary Video 3](#SD10){ref-type="supplementary-material"}).

Multiple embryo alignment {#S16}
-------------------------

We aligned 5 *Drosophila* and 9 zebrafish wild-type embryo movies in space and time, by co-aligning the embryonic midlines and locating a common developmental staging point along AP in each movie. For the fly this is the location of the cephalic furrow 5 minutes after the start of germband extension, and for the fish trunk ectoderm it is the location of the boundary between somites 1 and 2 when it first becomes visible (10.5 hpf). The pooled embryos were broken down into 20 and 25 µm grid squares, in fly and fish respectively, and average strains and rotation in each square were calculated.

Embryo layers and cell tracking {#S17}
-------------------------------

We sense the shape of the surface of the embryo in each 3D image stack[@R8], and use these shapes to extract curved image layers of constant radial depth within the embryo. Our methods for quantifying strain rates use distances and velocities calculated across the surface of such curved layers, taking into account the local inclination of the embryo. For *Drosophila* tissues we extracted layers through the apical *zonula adherens* of the ectoderm, the site at which much cell-cell interaction is controlled, and for zebrafish tissues we took a surface cutting through the middle of the outermost layer of epiblast cells. Repeating the analysis for different depths of tissues will identify whether the tissue is behaving homogenously in depth, or which layers deform first. The approximate angular curvature spanning an average domain of cells (*n~c~* = 2) are 26.9, 13.3 and 9.0 degrees for our three example tissues respectively. We wrote software to track all cells in these pseudo-2D layers over time (G.B.B. & R.J.A., unpublished), based on the identification of the cell membranes ([Supplementary Videos 1](#SD4){ref-type="supplementary-material"}-[3](#SD10){ref-type="supplementary-material"} and [Figure 4a,d,g](#F4){ref-type="fig"}). The tracking software records for each valid cell, at each time point: the pixelated shape described by the fluorescent cell membrane and hence the cell area; the location of the cell centroid (centre of mass); cell identity; the identity of all touching neighbours. We filter out parts of tracked cell lineages that do not meet criteria for reasonable behaviour, such as anomalously high rates of volume change or cell displacement compared to the immediate cell neighbourhood. This removes 2.5%, 3.9% and 20.9% from our three example tissues respectively. Our analyses are designed to have the essential quality of being robust to occasional missing cells. All cells that touch the edge of the field of view are excluded from the analyses because they may be incomplete. The average number of cells per time point used for strain rate analysis is 87, 522 and 503 respectively.

Supplementary Material {#SM}
======================

  --------------------------------------------------------------------------------------------------------------------------
  Supplementary File           Title
  ---------------------------- ---------------------------------------------------------------------------------------------
  **Supplementary Note**       Glossary

  **Supplementary Figures**    Supplementary figures 1-3

  **Software**                 Zip file of code written in IDL for calculating strain rates in\
                               a domain of tissue

  **Supplementary Video 1**    **Tracked cell trajectories and membrane shapes in**\
                               ***Drosophila* amnioserosa.** Video to accompany [Figure 4a](#F4){ref-type="fig"}.\
                               Video duration is 50 mins, with frames at 2 min intervals.\
                               Details are as in [Figure 4](#F4){ref-type="fig"}.

  **Supplementary Video 2**    **Tracked cell trajectories and membrane shapes in**\
                               ***Drosophila* germband.** Video to accompany [Figure 4d](#F4){ref-type="fig"}.\
                               Video duration is 15 mins, with frames at 30s intervals.\
                               Details are as in [Figure 4](#F4){ref-type="fig"}.

  **Supplementary Video 3**    **Tracked cell trajectories and membrane shapes in**\
                               **zebrafish trunk ectoderm.** Video to accompany [Figure 4g](#F4){ref-type="fig"}.\
                               Video duration is 50 mins, with frames at 2 min intervals.\
                               Details are as in [Figure 4](#F4){ref-type="fig"}.

  **Supplementary Video 4**    **Cellular simulation of a domain dominated by cell shape**\
                               **change.** Video to accompany [Figure 2a](#F2){ref-type="fig"} simulation. Video\
                               duration is 50 mins, with frames every minute.

  **Supplementary Video 5**    **Cellular simulation of a domain dominated by cell**\
                               **intercalation.** Video to accompany [Figure 2b](#F2){ref-type="fig"} simulation.\
                               Video duration is 50 mins, with frames every minute.

  **Supplementary Video 6**    **Tissue deformations and rotations in *Drosophila***\
                               **amnioserosa.** Video to accompany [Figure 4b](#F4){ref-type="fig"}. Video\
                               duration is 50 mins, with frames at 2 min intervals. Details\
                               are as in [Figure 4](#F4){ref-type="fig"}.

  **Supplementary Video 7**    **Cell shape deformations in *Drosophila* amnioserosa.**\
                               Video to accompany [Figure 5a](#F5){ref-type="fig"}. Video duration is 50 mins,\
                               with frames at 2 min intervals. Details are as in\
                               [Figure 5](#F5){ref-type="fig"}.

  **Supplementary Video 8**    **Cell intercalation deformations in *Drosophila***\
                               **amnioserosa.** Video to accompany [Figure 5b](#F5){ref-type="fig"}. Video\
                               duration is 50 mins, with frames at 2 min intervals. Details\
                               are as in [Figure 5](#F5){ref-type="fig"}.

  **Supplementary Video 9**    **Tissue deformations and rotations in *Drosophila***\
                               **germband.** Video to accompany [Figure 4e](#F4){ref-type="fig"}. Video duration\
                               is 15 mins, with frames at 30s intervals. Details are as in\
                               [Figure 4](#F4){ref-type="fig"}.

  **Supplementary Video 10**   **Cell shape deformations in *Drosophila* germband.** Video\
                               to accompany [Figure 5d](#F5){ref-type="fig"}. Video duration is 15 mins, with\
                               frames at 30s intervals. Details are as in [Figure 5](#F5){ref-type="fig"}.

  **Supplementary Video 11**   **Cell intercalation deformations in *Drosophila* germband.**\
                               Video to accompany [Figure 5e](#F5){ref-type="fig"}. Video duration is 15 mins,\
                               with frames at 30s intervals. Details are as in [Figure 5](#F5){ref-type="fig"}.

  **Supplementary Video 12**   **Tissue deformations and rotations in zebrafish trunk**\
                               **ectoderm.** Video to accompany [Figure 4h](#F4){ref-type="fig"}. Video duration is\
                               50 mins, with frames at 2 min intervals. Details are as in\
                               [Figure 4](#F4){ref-type="fig"}.

  **Supplementary Video 13**   **Cell shape deformations in zebrafish trunk ectoderm.**\
                               Video to accompany [Figure 5g](#F5){ref-type="fig"}. Video duration is 50 mins,\
                               with frames at 2 min intervals. Details are as in [Figure 5](#F5){ref-type="fig"}.

  **Supplementary Video 14**   **Cell intercalation deformations in zebrafish trunk**\
                               **ectoderm.** Video to accompany [Figure 5h](#F5){ref-type="fig"}. Video duration is\
                               50 mins, with frames at 2 min intervals. Details are as in [Figure 5](#F5){ref-type="fig"}.
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![Measuring tissue strain rates in simulated data.\
(**a**)**-**(**d**) left panels trajectories, right panels domain translation (**a**) and tissue strain rates (**b**)-(**d**) for simulated domains *(n~c~* = 2, *dt* = 9 min). (**a**) the domain behaves as a rigid block translating with velocities uniform within the domain. (**b**) pure rotation. (**c**) balanced convergence and extension, or pure shear. (**d**) an equal combination of pure shear and rotation, or simple shear. Principal strain rates are represented by orthogonal line segments with length equal to strain rate amplitude (blue positive, red negative). Rotation is represented by a green scythe motif, with radius indicating radians per minute on the same scale as the strain rates. Blades point in the direction of rotation (anticlockwise in (**b**), clockwise in (**d**)).](emss-4551-f001){#F1}

![Cellular simulations of tissue morphogenesis.\
Three cellular scenarios are simulated in (**a**)**-**(**c**) demonstrating tissue outcomes for different combinations of cell shape change and cell intercalation. Focal cell is black, with first and second coronae of neighbours in dark and light gray, respectively. (**d**)-(**f**)**,** (**g**)-(**i**) and (**j**)-(**l**) show cumulative stretch ratios on a log scale versus time in minutes for examples (**a**), (**b**) and (**c**) respectively. Cumulative stretch ratios in vertical (solid) and horizontal (dotted) orientations are plotted for tissue (**d**), (**g**), (**j**) in black, cell shape (**e**), (**h**), (**k**) in dark green and cell intercalation (**f**), (**i**), (**l**) in orange.](emss-4551-f002){#F2}

![Measuring strain rates for a domain of zebrafish ectoderm.\
(**a**) cell shapes and (**b**) cell centroid trajectories for a domain (*n~c~* = 2, *dt* = 4 min) are used to calculate strain rates. Cell colors in (**a**) show first (dark grey) and second (light grey) coronae of neighbours around the focal central cell, with examples of cell shape change (dark green) and intercalation (orange). Scale bar in (**b**) 25 µm. (**c**) average domain translation. (**d**) velocity field. (**e**) tissue strain and rotation rates. Strain rate line-segments and rotation rates are drawn as in [Figure 1](#F1){ref-type="fig"}. (**f**) cell shapes are approximated to their best-fit ellipses and strain rates that must be applied to account for a cell's shape evolution from t-*dt* to t+*dt* are calculated for all cells of the domain. (**g**) area-weighted average cell shape strain rates. (**h**) cell intercalation strain rates.](emss-4551-f003){#F3}

![Tissue strain rate patterns in *Drosophila* and zebrafish ectoderm.\
(**a**), (**d**), (**g**) tracked cell trajectories and cell shapes within curved layers taken through the apices of three different epithelial tissues imaged by 3D time-lapse confocal microscopy. (**a**)-(**c**),(**j**) *Drosophila* amnioserosa mid-way through dorsal closure (time is from the start of dorsal closure in (**c**)). (**d**)**-**(**f**),(**k**) *Drosophila* germband mid-way through germband extension (time is from the start of germband extension in (**f**)), with the left margin of the field of view approximately four cell diameters posterior to the cephalic furrow. (**g**)-(**i**),(**l**) zebrafish trunk neuroectoderm just prior to the onset of neurulation, starting at 10.2 hpf. Gaps indicate tracking ambiguities. (**b**),(**e**),(**h**), tissue strain rates. Colors of strain rates and rotations are as in [Figure 1](#F1){ref-type="fig"}. Strain rate scale bars are shown. (**c**),(**f**),(**i**) cumulative tissue stretch ratios, integrated across AP (solid) and ML (dotted) orientations. (**j**)-(**l**) radial histograms (east-west is AP) of whole movie pooled strain rate orientations, weighted by their absolute magnitude. (**m**),(**n**) pooled rotation data from multiple aligned embryos (see [Online Methods](#S10){ref-type="sec"}), summarized for squares of tissue for *Drosophila* germband (average over 5-20 min after the start of germband extension) and zebrafish trunk ectoderm (average over 560-610 mpf) respectively. Data on the left of each embryo has been mirrored onto the right-hand side. AP location of \~220 µm is the cephalic furrow in (**m**) and 0 µm is the somite 1/2 boundary in (**n**).](emss-4551-f004){#F4}

![Cell shape and cell intercalation strain rate patterns in *Drosophila* and zebrafish ectoderm.\
(**a**)-(**o**) are from the same movies represented in [Fig. 4a-l](#F4){ref-type="fig"}, but here the first two panels of each column represent cell shape and cell intercalation strain rates respectively. (**a**)-(**c**),(**j**),(**m**) *Drosophila* amnioserosa, (**d**)-(**f**),(**k**),(**n**) *Drosophila* germband, (**g**)-(**i**),(**l**),(**o**) zerbrafish trunk neuroectoderm. (**c**), (**f**), (**i**), cumulative stretch ratios of cell shape (green), cell intercalation (orange) and total tissue (gray) plotted as in [Figure 2](#F2){ref-type="fig"}. Whole movie pooled strain rate orientation histograms of cell shape (**j**)**-**(**l**) and intercalation (**m**)-(**o**). (**p**)-(**r**) average strain rates projected onto the AP (extension) axis for the epoch of germband extension shown in (**l**). (**p**) cell shape, (**q**) intercalation strain rates. (**r**) colors are as for cumulative stretch ratios.](emss-4551-f005){#F5}
